Introduction
The lanthanum cobaltite based perovskites have attracted much attention for their many important properties, such as high electrical and ionic conductivity [1, 2] , colossal magnetoresistance (CMR) [3, 4] and spin-state transition [5] . Owing to their mixed conducting characteristics, these oxides are promising for the applications of high temperature oxygen separation membranes and cathodes in solid oxide fuel cells (SOFCs) [2, 6] . When partially substituting A site lanthanum cations by other metal cations with lower valences such as Sr 2+ , the formation of oxygen vacancies and a change in the valence state of the B ions usually occur in order to maintain the charge neutrality [1] . Despite the number of publications on the oxygen permeability of the lanthanum cobaltite based perovskites, just a few concerned the mechanical properties of these materials. Recently, a few publications on the ferroelasticity and elastic hysteresis of these materials have appeared [7] [8] [9] [10] [11] [12] [13] [14] . Generally, ferroelastic domain switching and phase transformation could be responsible for the nonelastic deformation [10] . Orlovskaya [10] recorded the dynamics of domains by an in-situ high temperature TEM study: the de-twinning during heating and the reappearance of domains during cooling. By using in-situ synchrotron X-ray diffraction, Vullum demonstrated that in La 0.8 Ca 0.2 CoO 3 ceramics the reorientation of ferroelastic domains were due to the uniaxial stress [12] . In the rhombohedral La 0.6 Sr 0.4 FeO 3 perovskite, a similar non-elastic deformation behavior in compression was observed, however, no domain/twin structure was found [15] .
When the lanthanum cobaltite based ceramics are used as cathodes and membranes, cracking caused by thermal cycling through the structural transformations could seriously damage the membranes. A basic understanding of the origin of ferroelastic properties is not currently available for the lanthanum cobaltite and other mixed conductors. The internal friction technique [16] [17] [18] [19] [20] [21] has been proved as a very sensitive tool to investigate microscopic relaxation processes and phase transitions in perovskites [22] [23] [24] [25] [26] . In this study, we present the results of mechanical loss (internal friction) measurements on La 1-x Sr x Co(Fe)O 3-δ (0≤ x ≤0.6) ceramics. In addition, resistivity and magnetization measurements are carried out to clarify the nature of internal friction peaks.
Experimental
La 1-x Sr x Co(Fe)O 3-δ (0≤ x ≤0.6) powders were prepared via a citrate route. Two aqueous solutions of iron nitrate and cobalt nitrate were firstly prepared and analyzed by titrations to determine the concentration of Fe and Co ions. Then appropriate amounts of La 2 O 3 (99.9%) and SrCO 3 (>99.0%), both of which were completely dissolved in diluted nitric acid, were mixed with iron nitrate and cobalt nitrate solutions. After a clear solution was formed, citric acid was added at a molar ratio of citric acid: metal ions = 1.5:1.0, followed by adjusting 
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The low-frequency mechanical spectra of lanthanum cobaltite based mixed conducting oxides have been measured using a computer-controlled inverted torsion pendulum. The results indicate that the internal friction spectra and shear modulus depend on the Sr doping contents (x). For undoped samples, no internal friction peak is observed. however, for La0.8Sr0.2CoO3-δ, three internal friction peaks (P2, P3 and P4) are observed. In addition to these peaks, two more peaks (P0 and P1) are observed in La0.6Sr0.4CoO3-δ . The P0 and P1 peaks show characteristics of a phase transition, while the P2, P3 and P4 peaks are of relaxation-type. Our analysis suggests that the P0 peak is due to a phase separation and the P1 peak is related to the ferromagnetic-paramagnetic phase transition. The P2, P3 and P4 peaks are associated with the motion of domain walls. The formation of this kind of domain structure is a consequence of a transformation from the paraelastic cubic phase to the ferroelastic rhombohedral phase. With partial substitution of Fe for Co, only one peak is observed, which is discussed as a result of different microstructure.
Keywords: Mixed conducting oxides, mechanical properties, domain structure, phase transition, mechanical spectroscopy, internal friction the ph value to 2-3. The solution was subsequently stirred and evaporated at 80°C until a formation of polymeric precursor occurred, which was burned in air to remove the organic contents. The resulting ash was ground to fine powder and calcined at 1050°C in air for 5 h. The powder was uniaxially pressed into bars at 150MPa, subsequently isostatically pressed at 300MPa and sintered in air at 1250°C for 10 h to obtain the bar-shaped samples (35.0×4.0×1.2 mm 3 ). The phase composition of the calcined powder was analyzed by XRD (Philips X'Pert Pro Super, CuK). The electrical resistivity was measured by standard four-probe technique. The zero-field-cooled (ZFC) magnetization was measured in an external magnetic field of 100Oe using a commercial quantum device (superconducting quantum interference device; Quantum Design MPMSXL). The internal friction, Q -1 , and shear modulus, M, were measured in a computer-controlled automatic inverted torsion pendulum using forced oscillations with the maximum torsion strain amplitude kept at 1.5×10 -5 in the temperature range from 120 to 650K.
Results and discussion
XRD experimental results reveal that all the samples were crystallized in single phase and exhibit a rhombohedrally distorted perovskite structure with R 3 c symmetry. Figures 1-3 show the temperature dependence of internal friction, Q -1 , and shear modulus, M, in the samples of LaCoO 3 , La 0.8 Sr 0.2 Co 3-δ and La 0.6 Sr 0.4 Co 3-δ , respectively. It is evident that the temperature dependent internal friction and shear modulus vary with the Sr doping contents (x). For the LaCoO 3 , no obvious internal friction peak is observed, but for the Sr doped sample, three low-frequency internal friction peaks (marked P2, P3 and P4) are observed. These peaks are of relaxation type, with peak maxima shifting to higher temperatures for higher frequencies. For the La 0.6 Sr 0.4 Co 3-δ , two other small peaks are found (marked P0 and P1), which are located at around 180K and 255K (Fig.  3) . These two peaks do not shift with frequency, suggesting they are caused by phase transitions. To our knowledge, no structure phase transition occurs in this temperature range. Thus there may be other reasons for these two peaks. In order to identify the origins of P0 and P1 peaks, the measurements of the magnetic and electric transport properties of the La 0.6 Sr 0.4 Co 3-δ sample were carried out (Fig. 4) . As the temperature increases, the ZFC magnetization rises steadily below 250 K and then drops sharply at around 250 K, consistently with a ferromagnetic -paramagnetic phase transition. This is in agreement with the published results [4] . The electric resistivity shows a monotonic increase with a change of slope at the Curie temperature Tc, which is considered as a result of spin-disorder scattering. Combining the results of magnetization and resistivity, shown in Fig. 4 , we suggest that the P1 peak at 255 K may be related with a magnetic transition, while the P0 peak may originate from other mechanisms. It is well known that there is a competition of FM dominated superexchange interaction between Co 3+ and Co 3+ and AF dominated double exchange interaction between Co 3+ and Co 4+ in the La 1-x Sr x CoO 3 system. Thus, the frustration may exist in the FM region even at temperatures close to Tc so that the whole system is not in a true ferromagnetic state. In fact, a coexistence of a hole-rich ferromagnetic phase and a holepoor cluster glasslike phase have been suggested below Tc by nMR and ac magnetic studies [27, 28] . Considering these results, it is tentatively suggested that the whole system is inhomogeneous at the temperature below Tc and there are some hole-poor clusters. These clusters grew with the decrease in temperature, resulting a cluster glasslike phase at about 180K. That is to say, the sample may undergo a phase separation at this temperature, which causes the P0 peak. An internal friction peak originated from phase separation is also reported in manganite oxides [24, 26] . Comparing with the P0 and P1 peaks, the other three internal friction peaks are much broader in Q -1 (T). It has been reported that LaCoO 3 based perovskites exhibit nonlinear stress-strain behavior and non-elastic deformation behavior [7] [8] [9] [10] [11] [12] [13] [14] . At high temperatures, the LaCoO 3 based perovskites have an ideal cubic space group of Pm 3 m, and undergo a transition from a cubic to a rhombohedral phase with a space group of R 3 c at a critical temperature, driven by a rotation and a compression of the CoO 6 -octahedra along one of the four individual body diagonals of the cubic unit cell. Due to the choice of four equivalent triad axes about which octahedral rotation, transformation twins and domain walls can be formed, which have been confirmed by TEM [10] .
These relaxation internal friction peaks may be attributed to the motion of the domain walls. In the hightemperature cubic phase, the grain is almost free from twins. When the temperature decreases to a critical point, the system undergoes a phase transition from cubic to rhombohedral symmetry. For the La 0.6 Sr 0.4 CoO 3 , this critical temperature is approximately at 673K. The phase transition is accompanied by the formation of twins and domains. The P4 peak could be attributed to the movement of domain walls, which have to withstand the frictional force exerted by lattice defects and/or the Peierls force associated with moving a wall of finite thickness through a discrete lattice. With the decrease in temperature, the mobility of domain walls decreases and domain walls eventually becomes immobile. The domain walls motion is a relaxation process, and, thus, a pronounced internal friction peak P4 is observed. This phenomenon is very similar to those of LaAlO 3 [29] and Ca 1-x Sr x TiO 3 [30] reported by harrison and co-workers. For the LaCoO 3 -based perovskites, an in-situ TEM observation was carried out by Orlovskaya. Different types of domains, such as long domains and short parallel domains oriented at 180° to each other were observed [10] . upon heating, the 180° domains were found to be the most unstable and mobile, but other long domains were stable. Therefore, we suggest that the P2 and P3 peaks may originate from the movement of the different domain walls. In order to improve mechanical strength and structure stability at relatively low-oxygen partial pressure, the partial substitution of the Fe for Co in the lanthanum cobaltite based ceramics was conducted. The temperature dependent internal friction and shear modulus of the La 0.6 Sr 0.4 Co 0.5 Fe 0.5 O 3-δ and La 0.4 Sr 0.6 Fe 0.5 O 3-δ are shown in Figs. 5 and 6. Only one peak is observed in the Fe doped samples. At the high-temperature side of this peak, an obvious hump is observed, which suggests the existence of another peak. In comparison with Figs. 1-3, the internal friction peak shown in Figs. 5 and 6 corresponds to the P3 peak, and the hump is related to the P4 peak. The variation of modulus in Fig. 6 is larger than those in Figs. 1, 2, 3 , and 5. The large increase in the shear modulus is related to a phase transition from high temperature cubic paraelastic phase to low temperature rhombohedral ferroelastic phase.
Since the ionic radius of Fe ions is larger than that of Co ions, the substitution involves a tilting of the octahedrons and increases the distortion of the perovskite cells. It is known that the formation of the transformation twins and domain originates from the choice of four equivalent triad axes that the octahedral rotation could occur. This is why the tilting of the octahedrons may have a significant effect on the formation of the domain state, leading to a different microstructure. In fact, in the La 0.6 Sr 0.4 FeO 3 , no domains, twins, antiphase boundaries, stacking faults, and other planar defects were observed [15] , which is different from the LaCoO 3 based perovskites. Thus in the Fe doped samples, different mechanical loss spectra are observed, and the P2 internal friction peak is absent. however, it should be pointed out that the effect of Fe doping on the formation of the transformation twins and domains is not fully understood as yet. Different conclusions have been drawn through different experimental conditions. Recently, the microstructural evidence of domains in rhombohedral La 0.58 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ is confirmed by SEM and TEM studies [31] . More detailed studies are needed to further clarify the nature of the domain walls.
Summary
Five internal friction peaks are observed depending on Fe and Sr doping contents in the La 1−x Sr x Co(Fe)O 3-δ perovskites: three relaxation peaks and two phase transition peaks. The P1 peak is correlated with paramagneticferromagnetic transition; the P0 peak, located below Tc, may originate from a phase separation. At higher temperatures, the system undergoes a transition from cubic to rhombohedral phase on cooling, accompanied by the formation of transformation twins. The three relaxation peaks may be related to the viscous motion of transformation twin domain walls. The present results demonstrate that the domain motion is responsible for the non-elastic deformation of lanthanum cobaltite based mixed conducting oxides.
